Experiment to identify ambient grinding conditions and energy consumed was conducted for fenugreek. Fenugreek seeds at three moisture content (5.1%, 11.5% and 17.3%, d.b.) were ground using a micro pulverizer hammer mill with different grinding screen openings (0.5, 1.0 and 1.5 mm) and feed rate (8, 16 and 24 kg h -1 ) at 3000 rpm. Physical properties of fenugreek seeds were also determined. Specific energy consumptions were found to decrease from 204.67 to 23.09 kJ kg -1 for increasing levels of feed rate and grinder screen openings. On the other hand specific energy consumption increased with increasing moisture content. The highest specific energy consumption was recorded for 17.3% moisture content and 8 kg h -1 feed rate with 0.5 mm screen opening. Average particle size decreased from 1.06 to 0.39 mm with increase of moisture content and grinder screen opening. It has been observed that the average particle size was minimum at 0.5 mm screen opening and 8 kg h -1 feed rate at lower moisture content. Bond's work index and Kick's constant were found to increase from 8.97 to 950.92 kWh kg -1 and 0.932 to 78.851 kWh kg -1 with the increase of moisture content, feed rate and grinder screen opening, respectively. Size reduction ratio and grinding effectiveness of fenugreek seed were found to decrease from 4.11 to 1.61 and 0.0118 to 0.0018 with the increase of moisture content, feed rate and grinder screen opening, respectively. The loose and compact bulk densities varied from 219.2 to 719.4 kg m -3 and 137.3 to 736.2 kg m -3 , respectively.
Introduction
Fenugreek or methi (Trigonella foenum-graecum L.) is a major spice of India and largest producer which is used extensively in curry powder (Blade 1998) . It is native to south-eastern Europe and East Asia and now cultivated as a semi-arid crop and is widely favored in the states of India as a popular spice. Grinding is an important unit operation to increase the surface area and make it convenient to use in the culinary purposes. Various factors affect the power consumption in grinding operation e.g. structure of the material, grinding mechanism and operating parameters (Das 2005) . Grinding 17 is one of the most power consuming unit operations in which almost 99% of input energy is converted into heat due to friction whereas 1% is utilized for breaking the bond between particles. In conventional or ambient grinding of spices, temperature rises to the extent of o C (Singh & Goswami 1999) which causes the oil release and loss of aromatic and medicinal properties of spices. It makes ground product gummy, sticky and results in chocking of sieves (Singh & Goswami 1999) . Temperature rise of the ground product is a major concern of the conventional grinding process and therefore it is necessary to perform the grinding under lower temperature conditions. Hammer mills are relatively cheap, easy to operate and suits for wide range of particles. Energy consumption of grinding biomass depends on initial particle size, moisture content, material properties, feed rate of the material and machine variables (Walde et al. 2002) . Recently, several investigators (Goswami & Singh 2003; Solanki et al. 2005; Anthony & Tabil 2006; Indira & Bhattacharya 2006) have used the hammer and attrition mill for size reduction and particle size analysis of different agricultural materials. Mani et al. (2004) studied the grinding performance of Wheat and barley straws, corn stover and switchgrass at two moisture contents were ground using a hammer mill with three different screen sizes (3.2, 1.6 and 0.8 mm) and found switchgrass had the highest specific energy consumption (27.6 kW h t "1 ) and corn stover had the least specific energy consumption (11.0 kW h t "1 ) at 3.2 mm screen size. Von Bargen et al. (1981) reported that the corn residues required more grinding energy than wheat straw and grain sorghum residues in a hammer mill at constant peripheral speed (15.8 m s -1 ). Singh & Goswami (1999b , 2000a ) studied the cryogenic grinding of cumin seed and cloves at different conditions and reported its influence on volatile oil content and components, particle size distribution, volume mean diameter and specific energy consumption. Sharma et al. (2008) evaluated various grinding characteristics of raw and parboiled rice. Limited research information is available on grinding characteristics of spices. Therefore, the present work has been carried out to study the physical properties of fenugreek seed before and after grinding, grinding characteristics, colour attributes and sieve analysis of fenugreek to investigate the influence of ambient grinding conditions and energy consumed during grinding process.
Materials and methods
Fenugreek seed was procured from local market and cleaned manually by removing adhered foreign matter, immature and splitted ones, if any. The initial moisture content of the fenugreek was determined (AOAC 1995) and stored at room temperature (25°C) for 2 to 3 weeks. For experimentation, predetermined quantity using equation 1 (Sahay & Singh 2001 ) of fenugreek was dried at 50°C air temperature in a recirculatory tray dryer (M/s BTPL, India) to achieve desired moisture content level (5.1%, db). To achieve high moisture content (11.5% and 17.3% db), calculated amount of water using equation 2 (Murthy & Bhattacharya 1998) was added and mixed. Samples were packed in low density polyethylene pouches and kept at 5 o C for 24 h for uniform distribution of moisture throughout. Before experimentation, pouches were allowed to attain the room temperature. .. (2) Where, Mo=initial moisture content; % db; M 1 =final moisture content % d.b.; W 1 =initial weight of sample, g, and W 2 =final weight of the sample, g.
A micro pulverizer-hammer mill (swing type) (Osaw Agro Industies, India) fitted with a three-phase motor (3 HP, 3000 rpm) was used for grinding purpose. For each experiments, about 225 g sample in duplicate was ground using three different grinder screen openings (0.5, 1.0 and 1.5 mm) and feed rates (8, 16 and Grinding parameters of fenugreek 24 kg h -1 ). The grinding loss (%), moisture content and bulk density (loose and compact) of the ground material was determined. For sieve analysis, a portion of ground sample was placed on the top of set of sieves (1.201, 0.894, 0.500, 0.401, 0.295, 0.251, 0.177, 0.157 mm and Pan) and shaken until reaches equilibrium, by inspecting and weighing at 5 min intervals after an initial sieving time of 10 min. The mass fractions collected on each sieve were weighed using a digital balance (TB-403, Denver Instruments, Bohemia, NY, having a least count of 0.001 g) and packed separately in zip lock polythene bags for further analysis.
Bulk density (loose and compact) was determined thrice for mass fraction . From the volume of one grain, its diameter and hence the surface area was calculated (Velu et al. 2006) . All the calculated parameters are summarized below:
Where, W w and W o are the power consumed by hammer mill at load and no load conditions, Watts; m is the feed rate, kg h -1 . The Power consumption was measured using single element electro dynamic portable wattmeter (IMP Power Ltd. Mumbai). Based on the mass fractions, average final particle size (D 2 ) was calculated using the following relationship;
The grinding energy per unit mass (E, kWh/ kg) was calculated by the wattage of hammer mill, grinding time and feed rate. Based on the particle size (initial and final) and energy required to grind a unit weight of material, Bond's work index (W i ) and Kick's constant (K K ) was calculated (Sahay & Singh 2001 ).
. (11) Where, D 1 and D 2 are the diameter of product and feed at 80% passes from sieve; ρ is the bulk density of particle.
The analysis of variance test (ANOVA) was carried out using Ag Res, version 7.01 (Pascal International Software solutions, USA) and statistical procedures described by Gomez & Gomez (1984) to examine the effect of moisture level and feed rate (P<0.05) on grinding characteristics.
Results and discussion

Physical characteristics of fenugreek seed
The initial moisture content of fenugreek seed was recorded as 5.82% d.b. The seeds were conditioned to 5.1%, 11.5% and 17.3% moisture content (d.b). The dimensions (major, medium and minor), geometric mean diameter, sphericity, surface area, thousand grain weight and bulk density were found to be varied in the range of 4.0-4.17 mm, 2. (Table 1) .
Grinding characteristics
Grinding loss was found to be maximum for lower moisture content and feed rate decreased with the increase of moisture content and feed rate ( Table 2 ). The maximum loss at lower moisture content was due the formation of more fine powdered material that gets easily lost in the form of dust particles during the grinding process. During the grinding process, it was found that the temperature of grinder Average particle size (D 2 ) = .
. (9) and product varied from 75-85°C and 65-75°C, respectively. Similar results were reported by Singh & Goswami (2000b) ; Goswami & Singh (2003) for cumin seed. The specific energy consumption with various moisture content and feed rates with grinder screen opening is depicted in Table 3 . The average specific energy consumptions decreased from 204.67 to 23.09 kJ kg -1 with increase of feed rate from 8 to 24 kg h -1 and grinder screen opening from 0.5 to 1.5 mm, respectively. The minimum specific energy consumption was found for 17.3% moisture content and 8 kg h -1 feed rate with 1.0 mm screen opening (Table 2 ). There exists a significant difference (P<0.05) among the specific energy consumption at each level of moisture content, feed rate and grinder screen openings. The grinder equipped with smaller screen opening, consumed more specific energy due to fine grinding requires high energy. Similar results have been reported for grinding studies of alfalfa chops (Ghorbani et al. 2010) and corn stover, switch grass, wheat and barley straw grind (Mani et al. 2004) . It has been reported that the specific energy consumption for grinding of corn stover at 6.2% (w.b.) moisture content by using a hammer mill of different screen opening (0.8, 1.6 and 3.2 mm) were 79.2, 53.28 and 25.2 kJ kg -1 respectively.
Percent mass fractions retained
The percent mass fractions retained in different sieves of differential sieve analysis are presented in Table 3 . It was found that the maximum materials retained were at 0.401 mm sieve size. The average particle size decreased from 1.60 to Grinding parameters of fenugreek 0.39 mm with increase of moisture content and grinder screen openings. It has been observed, the average particle size was minimum at 0.5 screen opening for 8 kg h -1 feed rate. It is clear from the result that the increase moisture content of fenugreek increase the percent of medium size particles produced during grinding. However, the feed rate had significantly positive effect i.e more fine particle were produced. This was attributed due to higher frictional force produced among the feed particles due to sufficient filling of the grinding cavity with the feed during grinding process with the increased feed rate. The results were in compliance with the results reported by Jha & Verma (1999) for makhana at different moisture and grinding time and Fasina (2008) for peanut hull.
Gravimetric characteristics
Tables 4-5 illustrates the variation of bulk density (loose and compact) as a function of feed moisture content, feed rate and different sieve fractions. The loose and compact bulk
Grinding parameters of fenugreek density varied from 188.2 to 719.4 kg m -3 and 137.3 to 739.2 kg m -3 , respectively. The compact bulk density showed the maximum values as compared to loose bulk density, within the same particle range. It has been found that the loose and compact bulk densities were maximum at lower feed moisture content, screen opening and feed rate. Steadman et al. (2001) also reported the similar type of observations for various buckwheat seed milling fractions.
Effect of treatments on various grinding characteristics
The size reduction ratio and grinding effectiveness of fenugreek seed decreased from 4.11 to 1.61 (Table 2 ) and 0.0118 to 0.0018 with the increased level of moisture content, feed rate and grinder screen opening (Table 6 ). Size reduction ratio was found to be maximum at 8 kg h -1 feed rate, 1.5 mm hammer mill screen opening and 5.1% moisture content, respectively. The grinding effectiveness also found to be maximum for medium moisture content, medium feed rate and lower grinder Table 7 describes the effect of treatments on the various grinding characteristics such as Bond's work index, kicks constant, average particle size. It was observed that the Bond's work index and Kick's constant which are the measure of energy uptake decreased with the feed moisture level, feed rates with grinder screen opening. This was attributed to comparatively less grinding time taken to grind the unit feed with the increase of feed rate. Similar results were reported by Indira & Bhattacharya (2006) for grinding characteristics of different legumes and for microwave dried maize grains (Velu et al. 2006) .
Analysis of variance
ANOVA was carried out to examine the effect of treatments on various grinding characteristics viz., Bond's work index, kick's constant (Table 8 ). It was found that there exist a significant difference of Bond's work index and Kick's constants at 0.5 mm screen opening with feed rate while all other grinding characteristics were non-significant.
During swing type hammer mill grinding process, the Bond's work index and Kick's constant increased with the increase of moisture content, feed rate and grinder screen opening, respectively, whereas, the average particle, size reduction ratio and grinding effectiveness decreased. Since the specific energy was maximum for lesser screen opening (0.5 mm) and found decreased from 204.67 to 23.09 kJ kg -1 with increased feed rate and grinder screen openings (1.0 mm), it is concluded that for less energy consumption, the recommendable screen opening is 1.0 mm.
